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Yearly changes in radiocesium (137Cs) contamination, primarily due to the Fukushima accident of March
2011, were observed in the foliar parts of 10 common woody species in Japan (Chamaecyparis obtusa,
Cedrus deodara, Pinus densiﬂora, Cryptomeria japonica, Phyllostachys pubescens, Cinnamomum camphora,
Metasequoia glyptostroboides, Prunus  yedoensis, Acer buergerianum, and Aesculus hippocastanum). The
samples were obtained from Abiko (approximately 200 km SSW of the Fukushima Dai-ichi Nuclear
Power Plant) during each growing season between 2011 and 2013, and the foliar parts were examined
based on their year of expansion and location in each trees. The radiocesium concentrations generally
decreased with time; however, the concentrations and rates of decrease varied among species, age of
foliar parts, and locations. The radiocesium concentrations in the 2012 current-year foliar parts were
29%e220% of those from 2011, while those from 2013 fell to between 14% and 42% of the 2011 values.
The net decontamination in the foliage was higher in evergreen species than in deciduous species. The
radiocesium concentrations in the upper foliar parts were higher than those in the lower parts
particularly in C. japonica. In addition, the radiocesium concentrations were higher in the current-year
foliar parts than in the 1-year-old foliar parts, particularly in 2013. Thus, the inﬂuence of the direct
deposition of the fallout was reduced with time, and the translocation ability of radiocesium from old to
new tissues became more inﬂuential. Similar to the behavior of potassium in trees, Cs redistribution
probably occurred primarily due to internal nutrient translocation mechanisms.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
After the major earthquake and tsunami that occurred onMarch
11, 2011, the Fukushima Dai-ichi Nuclear Power Plant (FDNPP;
located at 37.41868 N,141.02215 E) experienced a severe accident,
causing widespread contamination by radionuclides, primarily 131I,
134Cs, and 137Cs (Yamamoto et al., 2012; Endo et al., 2012; Amano
et al., 2012). Areas relatively far from the FDNPP were contami-
nated, including our institute in Abiko (located at 35.87815 N,
140.02487 E; approximately 200 km SSW from the FDNPP). The
initial radionuclide fallout in Abiko was observed on March 16,
2011, as dry-deposition, andmajority of the fallout was observed on
March 21, 2011, with rainfall; in total, 60e100 kBq m2 of radio-
cesium (134Cs, and 137Cs) were observed at Abiko after the latter
deposition (Morino et al., 2011; Terada et al., 2012; Doi et al., 2013).þ81 4 7183 3347.
shihara).
Ltd. This is an open access article uForests are effective aerosol interceptors (Bunzl and Kracke,
1988; Petroff et al., 2008; Pr€ohl, 2009). Radiocesium in aerosol
form would therefore also be effectively trapped by forests.
Indeed, after the Chernobyl accident, a nearby spruce forest
trapped 20% more radiocesium than a similarly located grassland
(Bunzl and Kracke, 1988). Many parts of Fukushima are covered
with forest vegetation (forests cover 71% of Fukushima;
984,000 ha of 1,378,000 ha), and 44% (430,000 ha) of this area is
contaminated with radiocesium at more than the level recom-
mended by the ICRP for constraining the optimization process in
long-term post-accident situations (i.e., 1.0 mSv y1 without
normal background radiation. Areas showing this level of air dose
rate are mostly overlapped to the areas contaminated with 10e30
kBq m2 of 137Cs deposition density; ICRP, 1991; Forestry Agency,
2013, 2012; MOE, 2012a; Hashimoto et al., 2012). Similarly
contaminated forest areas outside Fukushima comprise
360,000 ha in total (Forestry Agency, 2012; MOE, 2012a).
Although drastic reductions in the radiocesium inventory of the
canopy (e.g., one-third of the initial fallout per year) and as wellnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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recently been reported, the canopy is still heavily contaminated
(Forestry Agency, 2013, 2012; Kato et al., 2012; Akama et al.,
2013; Yoshihara et al., 2014b). However, forest areas are
excluded from the governmental decontamination plan (MOE,
2012b). This omission has raised concerns about the potential
contamination of forest products, such as mushrooms, timber,
and compost. Possible discharges of radionuclides into drainage
basins and/or drifts from decomposed particles of plant debris in
ﬂowing water are also a large concern. Although an ordinary
rainfall event discharges radiocesium from forests to river sys-
tems at a negligible level (e.g., 0.009e0.098 Bq L1), a heavy
rainfall event, such as a typhoon, increases the discharge rate by
one or two orders of magnitude (Forestry Agency, 2012; Nagao
et al., 2013).
Early reductions in the radionuclide dynamics of forests (i.e.,
acute phase reductions) are expected to bottom out within 5 y,
followed by a comparatively stable phase, in which the reductions
occur mainly from the physical decay of long-lived radionuclides
(e.g., 137Cs), as based on observations after the Chernobyl accident
(Goor and Thiry, 2004; Hashimoto et al., 2013). This pattern may
alleviate the previously discussed concerns; however, such
tentative predictions are uncertain regarding the role of trees,
particularly in relation to regional characteristics such as vege-
tation, geology, topography, and meteorology (Likuku, 2003).
Thus, the fate of long-lived radionuclides in forests cannot be
understood without recognizing the speciﬁc roles of trees in
radionuclide cycling: uptake, translocation, and leaching by
throughfall and litterfall (Myttenaere et al., 1993). The proportion
of the uptake retained in the annual woody increment is also
important. These tree roles are closely related to yearly/seasonal
variations in speciﬁc nutritional elements inside and outside of
the trees (Myttenaere et al., 1993). However, most previous
studies have targeted only one or several plant species per
observation site and measured bulk samples, ignoring physio-
logical differences such as leaf longevity, age, and maturity. Here,
as a preliminary to long-term observations and an assessment of
acute phase reductions from the Fukushima accident, we provide
data showing clear and speciﬁc changes in the radiocesium con-
centrations between 2011 and 2013 in the foliar parts of 10
common woody species, with precise classiﬁcations of each part's
year of expansion and growing position. Furthermore, particularly
in Japanese cedar, we analyzed the distributions of three stable
nutritional elements, including potassium (the metabolism of
which is most closely related to cesium metabolism in trees), for
comparison with radiocesium distribution (Ronnneau et al., 1991;
Myttenaere et al., 1993; Kaunisto et al., 2002).Table 1
A list of the target woody plant species.
Classiﬁcation Common name (Scientiﬁc name), abbreviatio
Evergreen species Coniferous 1) Hinoki cypress (Chamaecyparis obtusa), C
2) Himalayan cedar (Cedrus deodara), Cd
3) Japanese red pine (Pinus densiﬂora), Pd
4) Japanese cedar (Cryptomeria japonica), Cj
5) Moso bamboo (Phyllostachys pubescens),
Broadleaf 6) Camphor tree (Cinnamomum camphora),
Deciduous species Coniferous 7) Metasequoia (Metasequoia glyptostroboid
Broadleaf 8) Japanese ﬂowering cherry (Prunus x yedo
cv. Somei-yoshino), Py
9) Trident maple (Acer buergerianum), Ab
10) Horse chestnut (Aesculus hippocastanum
a In cases for only one/two tree(s) was provided for the observation, at least three sam
b M, trees grow at a margin of a small forest; C, trees grow as a part of colonnade; A,2. Materials and methods
2.1. Study site and sample trees
The study site was located at the Laboratory of Environmental
Science in Abiko (total area 17.3 ha), approximately 200 km SSW of
the FDNPP. Abiko has a moderate monsoon climate, with an
average annual precipitation and daily average air temperature of
1375.2mm and 14.4 C, respectively, between 2011 and 2013 (Japan
Meteorological Agency, http://www.jma.go.jp/jma/menu/report.
html). Further details of the location can be found in previous re-
ports (Yoshihara et al., 2013, 2014a,b). In brief, the gamma radiation
dose rate at the site was approximately 0.2e0.5 mSv h1 during the
observation period. In August 2011, surface soils at depth of 0e5 cm
around the sample trees contained 0.82e3.4 kBq kg-DW1 of 134 þ
137Cs. The basal soil type was a pale Andosol overlaid with a thin
organic layer (National Land Agency, 1983). The sample trees stood
alone or as parts of colonnades/small forests and grew on bare
ground (Table 1).
The samples consisted of the foliar parts of 10 woody species
(Chamaecyparis obtusa, Co; Cedrus deodara, Cd; Pinus densiﬂora, Pd;
Cryptomeria japonica, Cj; Phyllostachys pubescens, Pp; Cinnamomum
camphora, Cc;Metasequoia glyptostroboides,Mg; Prunus yedoensis,
Py;Acer buergerianum,Ab; andAesculus hippocastanum;Ah; Table 1).
All of these species are commonly used in Japan for landscape
gardening and/or forestation. Notably, although P. pubescens is not
technically a woody species, it was treated as an evergreen woody
species in this study. The ages of the individual trees were not
speciﬁcally known. The trees heights were 8.8e20.1 m, and the di-
ameters at breast height were 40e140 cm, with the exception of
those of Pp (9e15 cm).
2.2. Sampling procedure and radionuclide analysis
Samples were collected once in each growing season on August
6e7, 2011, May 24e25, 2012, and June 1, 2013. Some of the samples
for 2011 had also been used in our previous study (Yoshihara et al.,
2013). Several foliar samples, each weighing a total of approxi-
mately 1.0 kg-FW (leaves of broadleaf species and needles of
coniferous species), were collected from each of two (upper and
lower in 2012 and 2013) or three relative positions (upper, middle,
and lower in 2011) in the canopy. The same one to four trees per
species were observed in each year from 2011 through 2013
(Table 1). The samples of some coniferous species, such as Co, Pd,
and Cj, contained woody tissues. The absolute sampling heights
were different for each plant, although the relative sampling po-
sitions were the same. The absolute height of each sample locationn Number of observed samples (trees) Surrounding
conditionsb
2011 2012 2013
o 3 (1)a 6 (3) 6 (3) M
3 (1) 6 (3) 6 (3) C
4 (2) 7 (4) 6 (3) M/A
9 (3) 4 (2) 6 (3) M
Pp 3 (1) 4 (4) 3 (3) M
Cc 3 (1) 6 (3) 6 (3) M
es), Mg 6 (2) 6 (3) 6 (3) M/A
ensis, 12 (4) 6 (3) 8 (4) C/M
6 (2) 6 (3) 6 (3) C/M
), Ah 6 (2) 6 (3) 6 (3) C/M
ples grown at different foliar positions were averaged per individual trees.
trees grow independently from the other trees.
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Japan) immediately before the ﬁrst sampling (Yoshihara et al.,
2013). Additionally, although in 2011 the samples were taken
from three relative positions, only data from the outermost two
positions (upper and lower) were used when comparing the posi-
tional effects with those of 2012 and 2013. The foliar samples of the
evergreen coniferous woody plants were separated into two to four
groups according to their year of expansion (i.e., age class) to
determine their speciﬁc elemental accumulation, while the sam-
ples of the other species were directly analyzed. Each plant sample
was dried for at least 3 d in an oven at 65 C and homogenized
before the analyses.
A Ge-semiconductor detector (GEM20-70; ORTEC, Oak Ridge,
TN; detection limit at 3600 s measuring approximately 1 Bq kg-
DW1) coupled with a mulch channel analyzer (MCA7600; SEIKO
EG&G, Tokyo, Japan) was used to determine the 137Cs activity in the
samples. Before the measurements, the detector was calibrated
using a serial standard volume source comprising aluminum and
mixed radionuclides (MX033U8PP; Japan Radioisotope Association,
Tokyo, Japan). The relative uncertainty of the measurements was
approximately 4.8%. The samples were weighed and packed in
plastic containers (56 mm diameter  68 mm height, U-8
container; As-one Co. Ltd., Osaka, Japan) in accordance with the
standard radioactivity measurement procedure (MEXT, 1976). For
samples in which no 137Cs was detected at 3600 s, a further mea-
surement of 30,000 s was conducted. Radiocesium (137Cs) activities
were summarized after the physical decay was corrected to the
assumed date of the fallout, March 21, 2011 (Morino et al., 2011;
Terada et al., 2012; Doi et al., 2013).
2.3. Elemental analysis
After the nuclide analysis, a 0.5-g aliquot of each dried sample
was wet-ashed with a solution of HNO3 and H2O2 for two nights at
110 C and dissolved in 15 ml of 1 N HCl. Elemental concentrations
were measured using an inductively coupled plasma atomic
emission spectrometry (ICP-OES; Optima 5300DV, PerkineElmer,
Waltham, MA) at wavelengths of 589.592 (Na), 213.617 (P), and
766.490 (K) nm.0
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Fig. 1. Species-speciﬁc changes in radiocesium concentrations in current-year foliar parts in
species; D/C, deciduous coniferous species; D/B, deciduous broadleaf species; EG, evergreen
standard deviations, respectively, for radiocesium concentrations in the current-year foliar p
n ¼ 3e12). Different letters above the standard deviations indicate signiﬁcant differences (p
comparison test. Asterisks show signiﬁcant differences (p  0.05) between EG and DD in e2.4. Statistical analysis
To compare the differences among each dataset, TukeyeKramer
multiple comparison tests and pairwise t-tests were performed
using the Kyplot (ver. 4.0; KyensLab Inc., Tokyo, Japan) software
package.
3. Results and discussion
3.1. Yearly changes in radiocesium concentrations in current-year
foliar parts
Consistent with the general trends for total foliar, the radio-
cesium (137Cs) concentrations in the current-year foliar parts of
individual species decreased greatly from 2011 to 2013 (Fig. 1,
Table S1). In addition, the concentrations in current-year foliar
parts showed two notable patterns (Fig. 1). The ﬁrst was the pres-
ence of higher concentrations in the evergreen species than in the
deciduous species. These differences still remained in 2013,
although the concentrations themselves diminished with time. The
average concentrations in 2011, 2012, and 2013 for the evergreen
species was 1440 Bq kg-DW1, 790 Bq kg-DW1, and 320 Bq kg-
DW1, respectively, whereas that for the deciduous species was
320 Bq kg-DW1, 290 Bq kg-DW1, and 60 Bq kg-DW1, respec-
tively (Fig. 1). The clearly higher concentrations in evergreen spe-
cies compared to deciduous species is a common feature of the
present accidental fallout, irrespective of the distance from the
FDNPP (Amano et al., 2012; Tagami et al., 2012; Hashimoto et al.,
2012; Yoshihara et al., 2013; Koizumi et al., 2013). This result is
generally explained by the differing ecological characteristics of the
species, e.g., whether their foliar parts had expanded at the time of
the fallout. This situation would inﬂuence the radiocesium con-
centrations both in the foliar parts that expanded before the fallout
and in the newly expanded foliar parts for more than 2 y after the
fallout. Indeed, at least some of the evergreen foliar parts that had
expanded before the fallout were still alive at sampling in 2012 and
2013 (Ohata, 1992; Escudero et al., 1992; Kobayashi et al., 2003).
Thus, these long-lived foliar parts could contribute to the variation
in the concentrations in the evergreen species in 2012 and 2013.2011
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2011, 2012, and 2013. *1; E/C, evergreen coniferous species; E/B, evergreen broadleaf
species; DD, deciduous species. Rectangles and bars show the arithmetic averages and
arts of all trees and locations by tree species and sampling year (2011, 2012, and 2013;
 0.05) among the yearly data for each species based on the TukeyeKramer multiple
ach year based on a t-test.
Fig. 2. Upper/lower ratios of radiocesium concentrations in foliar parts among species
and years. *1; Closed symbols indicate the average radiocesium concentrations in foliar
parts that had expanded more than 1 y before sampling (old foliar parts), and open
symbols indicate those in current-year foliar parts. The bars show the standard de-
viations. Note that no deviations are indicated for the data of some species in 2011
because of lack of replication. *2; E/C, evergreen coniferous species; E/B, evergreen
broadleaf species; D/C, deciduous coniferous species; D/B, deciduous broadleaf species.
The horizontal dashed line indicates which foliar parts in the upper crown show equal
radiocesium concentrations to those in the lower crown. Although the samples in 2011
were taken from three positions (upper, middle, and lower), data from only two po-
sitions (upper and lower) are plotted in the ﬁgure for comparison with the samples in
2012 and 2013.
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experienced both external (i.e., weathering effects) and internal
(i.e., nutritional translocation) inﬂuences (Tikhomirov and
Shcheglov, 1994; Kato et al., 2012).
The second notable aspect was the differences in the rate of
decrease in 137Cs concentration (i.e., the ratios of the 2012 or 2013
concentrations to those observed in 2011) between the evergreen
and deciduous species (Table S1 and Fig. 1). The percent of
remaining 137Cs suddenly decreased in the deciduous species in
2013; the average remaining ratios for the deciduous species in
2012 and 2013 were 91% and 19%, respectively, whereas those for
the evergreen species were 55% and 22%, respectively. In particular,
each percent remaining for Mg, Py, and Ah was more than 100% in
2012, indicating that these concentrations were higher than those
in 2011, whereas those in 2013 were 26%,14%, and 40%, respectively
(Fig. 1). One possible explanation for this result is the difference in
sampling time between 2011 and 2012/2013 and the related in-
ternal radiocesium translocation in the trees. As previously
mentioned, sampling in 2011 was performed in early August,
whereas sampling in 2012 and 2013 was performed in late May to
early June. Seasonal variations may occur in the concentrations of
many elements, including cesium, in the folige of trees, particularly
in deciduous species (Wyttenbach and Tobler, 1988; Sombre et al.,
1994; Yoshihara et al., 2014a). Another possible explanation is a
combination of three factors: the expanding time of the observed
foliar parts, weathering effects, and Cs translocation ability. In 2011
in particular, the contamination in evergreen species was most
prevalent for foliage that had expanded before the fallout, indi-
cating that most of the radiocesium had been deposited externally
on the existing foliage and could be washed out comparatively
easily. In contrast, all of the foliar parts of the deciduous species
expanded after the fallout, suggesting that the radiocesium was
more likely internalized from secondary surface contamination
(splash effect) and foliar absorption (Colle et al., 2009; Hurtevent
et al., 2013). Koizumi et al. (2013) and Tanaka et al. (2013)
demonstrated that a considerable portion of the direct radio-
cesium deposition on foliage was impossible to remove, even after
in vitro washing. These authors assumed that the majority of the
unremovable portion could be tightly bound to internal tissues.
3.2. Vertical distributions of radiocesium in the canopy
The radiocesium concentrations were measured in current-year
foliar parts and old foliar parts (at least 1 y of age), separated into
two groups (upper and lower foliar parts) based on their growing
positions in the canopy. The upper/lower ratios (ratios of radio-
cesium concentrations in the upper foliar parts to those in the
lower foliar parts) were plotted yearly for individual species to
clarify the vertical distributions of radiocesium in the canopy
(Fig. 2). The results demonstrated the occurrence of species-
dependent differences, although large deviations were occasion-
ally observed. In particular, each ratio was higher (>1.0) in Cj, while
each ratio was lower (<1.0) in Pd and Ah. Additionally, some species
(e.g., Co, Cd, and Mg) showed their highest ratios in 2011, with
generally lower values over time, whereas other species (e.g., Cc, Py,
and Ab) showed the opposite pattern. Notably, our previous study
showed no signiﬁcant differences in the radiocesium concentration
due to sample location or tree height (Yoshihara et al., 2013). This
discrepancy with the present study may have resulted from the
treatment of data; in the previous study, the data for the three
different sample locations were combined for all species, whereas
the data for the two sample locations were separated into indi-
vidual species in the present study.
One explanation for the observed differences in the changes is
the balance of the external and internal transfers of radiocesium.For example, a downward external ﬂow (e.g., weathering) would
transfer radiocesium mainly from the upper to the lower position.
Conversely, an internal ﬂow (e.g., water and nutrient ﬂows) would
transfer radiocesium to the growing parts of the trees, which are
located mainly at the upper position. The effect of external ﬂows
should be larger shortly after the fallout, but would decrease over
time, making internal ﬂows more signiﬁcant. Additionally, the
lower foliar parts, particularly those inside of the crown, may be
better protected against incident rain, and thus less exposed to
radiocesium leaching. These ecological traits probably also inﬂu-
ence the various vertical distributions of radiocesium among spe-
cies and years. Furthermore, the internal transfer of Cs and
potassium (K) is similar in trees; these elements are highly mobile,
making internal translocation to newly emerging tissues/sinks
particularly important (Ronneau et al., 1991; Sombre et al., 1994;
Kaunisto et al., 2002; Yoshihara et al., 2014a). Co-transport with K
could be tree species- and element-speciﬁc (Smith and Shortle,
1996). For example, Japanese cedar showed the prevalent abscis-
sion of lower foliar parts/branches accompanied by the strong
translocation of nutritional resources to the upper parts
(Hashimoto and Gyokusen, 1995). Red pines showed a positive N
concentration gradient, but negative K and P concentration gradi-
ents, relative to the order of leaf positions (Comerford, 1981).
Furthermore, the radiocesium concentration in the bark of Norway
spruce decreased with height, whereas it increased with height in
the wood (Strebl et al., 1999). On the other hand, Kuroshima et al.
(2014) found a low level of the upper/lower crown ratio (0.25) as
shown in our observations for Pd and Ah in Japanese red pine
sampled 30 km from the FDNPP in 2013. These authors attributed
the lower ratio to a difference in leaf longevity between the upper
and lower foliar parts (Ohata, 1992). Speciﬁcally, the upper foliar
parts that had expanded before the fallout were mostly defoliated
Table 2
137Cs distributions in foliar parts of Japanese cedar (Cj).
Age of foliar
parts
137Cs concentration (Bq/g-DW)
Year of sampling
T. Yoshihara et al. / Journal of Environmental Radioactivity 138 (2014) 220e226224at the time of sampling, but the lower foliar parts were still
growing, resulting in the decreased ratio. The applicability of this
explanationmay be limited for our results in the aged foliar parts of
Pd, and further observation is necessary to identify the underlying
phenomenon.2011 2012 2013
Current-year 1.02 ± 0.18 (9)b 0.97 ± 0.64 (4)a 0.43 ± 0.28 (6)a
1-year-old 3.17 ± 1.25 (9)a 0.56 ± 0.24 (4)a 0.13 ± 0.90 (6)b
2-year-old e 1.07 ± 0.50 (4)a 0.29 ± 0.12 (6)ab
3-year-old e e 0.36 ± 0.15 (6)ab
Mean ± s.d. of radiocesium (137Cs) concentrations for each approximate ages are
displayed as an order of the year of sampling. Values in parentheses show the
numbers of samples provided for the analysis. Different letters on the standard
deviations indicate signiﬁcant differences (p 0.05) among the data for each year of
sampling based on Student's t-test (for 2011) or the TukeyeKramer multiple com-
parison test (for 2012 and 2013).3.3. Effects of the age of foliar parts on radiocesium concentrations
in ever green species
To visualize the changes in the migration of radiocesium from
old foliar parts to newer parts, the ratios of radiocesium concen-
trations in current-year foliar parts to those in 1-year-old foliar
parts of six evergreen species are plotted in Fig. 3A, and the actual
concentrations in 2013 are indicated in Fig. 3B. Additionally, the
distributions of radiocesium among individual leaf ages in
2011e2013 are shown for Japanese cedar (Cj; Table 2). The ratios of
radiocesium concentrations between the current-year and 1-year-
old foliar parts generally increased with sampling year: each spe-
cies had the lowest ratio (0.17e0.71; no samples were taken for 1-
year-old foliar parts in 2011 for Pp and Cc) in 2011 and the highest
ratio (1.05e3.25) in 2013, with the exception of Pp and Cc (Fig. 3A).
The variability in ratios among the sampling years probably rep-
resents the inﬂuence of direct fallout deposition, whereas that
among species represents differences in the translocation ability of
radiocesium. Notably, that a similar leaf age-dependent radio-
cesium distribution was also reported in Scots pine affected by the
Chernobyl accident (Raitio and Rantavaara, 1994; Goor and Thiry,
2004; Yoshida et al., 2004).
In our ﬁndings, Cj had a particularly high ratio (3.25) in 2013
(Fig. 3A); the actual concentrations for the current-year and the 1-
year-old foliar parts were 430 Bq kg-DW1 and 130 Bq kg-DW1,
respectively (Fig. 3B and Table 2). Interestingly, although the radi-
ocesium concentration in the current-year foliar parts was signiﬁ-
cantly higher than in the 1-year-old foliar parts in 2013, neither
concentrations was signiﬁcantly different from the concentrations
in the 2- and 3-year-old foliar parts in 2013 (Table 2). Conversely,
Akama et al. (2013) indicated that the radiocesium concentrations
in 2012 Japanese cedar samples were the highest in needles that
had expanded before the fallout, followed by 1-year-old and
current-year needles. Such inconsistencies in the order ofA
Fig. 3. Comparison of radiocesium (137Cs) concentration between current-year foliar parts
concentration in the current-year foliar parts and 1-year-old foliar parts for a given species a
indicates equal radiocesium concentrations between current-year and 1-year-old foliar parts
the standard deviations (six samples per species are provided except Pp, for which only th
respectively. Asterisks on the standard deviations indicate signiﬁcant differences (p  0.05) b
pairwise Student's t-test.concentrations could be due to the previously mentioned expla-
nation that the inﬂuence of the direct deposition of the fallout
declinedwith time and the translocation of radiocesium from old to
new tissues became more important.
Finally, to determine the actual relationships between the
radiocesium and K distributions, we analyzed the concentrations of
the stable nutritional elements K, Na, and P in the foliar parts of Cj
using the comparable samples in Table 2 (Table 3). The K and P
concentrations were clearly highest in the current-year foliar parts
regardless of sampling year, whereas the Na concentrations
showed no clear trend. In addition, signiﬁcant differences in the K
and P concentrations were shown only between the current-year
foliar parts and those of the other age of foliar parts. These ten-
dencies were entirely consistent with the established knowledge of
nutritional statuses in forest trees (Comerford, 1981; Hevia et al.,
1999). Consequently, although the age-dependent changes of
radiocesium concentrations in foliar parts were anomalous, prob-
ably due to the direct deposition of the fallout, the radiocesium
concentration in each foliar part seemed to be correlatedwith these
nutritional elements. In other words, the radiocesium accumula-
tion in newly expanding foliar parts is probably a circumstantial
phenomenon related to the relocation of speciﬁc nutritional ele-
ments. Further observations considering root uptake after the
reduction in the inﬂuence of the direct deposition of the falloutmayB
and 1-year-old foliar parts. (A) Each dot shows the average ratio of the radiocesium
nd year (rectangles, 2011; circles, 2012; and triangles, 2013). The horizontal dashed line
. (B) Rectangles and bars show the average concentrations for each species in 2013 and
ree samples are provided because of the retarded growth of current-year foliar parts),
etween the data for current-year and 1-year-old foliar parts for each species based on a
Table 3
Potassium, sodium, and phosphorous distributions in foliar parts of Japanese cedar
(Cj) (in mg/g-DW).
Element Age of foliar
parts
Sampling year
2011 2012 2013
Potassium Current-year 5.16 ± 2.10a 7.22 ± 0.76a 5.30 ± 0.84a
1-year-old 4.28 ± 1.41a 3.61 ± 1.10b 2.66 ± 0.81b
2-year-old e 3.03 ± 1.59b 2.18 ± 0.61b
3-year-old e e 1.54 ± 0.49b
Sodium Current-year 0.18 ± 0.16a 0.19 ± 0.10a 0.15 ± 0.07a
1-year-old 0.34 ± 0.18a 0.23 ± 0.05a 0.31 ± 0.24a
2-year-old e 0.21 ± 0.10a 0.23 ± 0.14a
3-year-old e e 0.10 ± 0.04a
Phosphorous Current-year 0.56 ± 0.09a 1.52 ± 0.36a 0.76 ± 0.14a
1-year-old 0.34 ± 0.17b 0.38 ± 0.11b 0.24 ± 0.12b
2-year-old e 0.30 ± 0.10b 0.16 ± 0.06b
3-year-old e e 0.18 ± 0.03b
Mean ± s.d. of elemental concentrations for each leaf (needles) age are displayed as
an order of the year of sampling. The samples provided for the analysis are the same
for those shown in Table 2. Different letters on the standard deviations indicate
signiﬁcant differences (p  0.05) among the data in each year of sampling based on
Student's t-test (for 2011) or the TukeyeKramer multiple comparison test (for 2012
and 2013).
T. Yoshihara et al. / Journal of Environmental Radioactivity 138 (2014) 220e226 225determine the speciﬁc element involved and its participation in the
translocation of radiocesium in trees.
4. Conclusion
Yearly changes in radiocesium (137Cs) contamination from the
Fukushima accident in March 2011 were observed for the foliar
parts of 10 common woody species in Japan in the 2011, 2012, and
2013 growth seasons. The major observations are as follows. First,
radiocesium activity generally decreased with time, although the
decreases in concentrations and rates varied among species and
between the sampled parts and locations in each tree. Second, the
distribution of radiocesium was species-speciﬁc, regardless of
vertical position. Third, themigration of radiocesium from old foliar
parts to newer parts increased with time. This phenomenon
probably occurred under a balance of external translocation, such
as weathering, and internal translocation (e.g., nutrient ﬂow). In
other words, as the inﬂuence of the direct deposition of the fallout
declined with time, the translocation of radiocesium from old to
new tissues became more prominent. Although continuous obser-
vation is necessary, particularly for transfer from the soil to plants,
the present results provide acute phase reduction data and
constitute the start of long-term observations after the Fukushima
accident.
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